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Abstract 
Line-imaging spectroscopy can be applied to enable the extraction of the luminescence spectrum at each point on a 
solar cell. The resulting hyperspectral image of luminescence may characterise the photovoltaic material or device. In 
this paper, a line-imaging instrument which can perform spatially resolved luminescence spectroscopy on silicon 
wafer solar cells is investigated. The instrument is applied to analyse a textured and an untextured multicrystalline 
silicon wafer solar cell. Detectable differences in the luminescence spectrum are observed. 
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1. Introduction 
As an extension to the standard luminescence imaging technique for solar cells [1-3], we investigate 
the use of a line-imaging spectroscopy instrument to obtain hyper-spectral images [4, 5] of luminescence 
from a silicon wafer solar cell. In hyper-spectral imaging, the spectrum of light is obtained at each point 
of an image. By recording the spectral signature of emitted light at each point on the sample, 
luminescence-based characterisation of photovoltaic (PV) materials and devices is advanced since 
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integration of the entire spectrum may recover the data obtained in EL imaging [1], yet the information of 
the spectrum is still retained. This method allows fast, spatially resolved, and non-destructive 
characterisation of PV materials and devices. To demonstrate the capabilities of the used instrument, 
electroluminescence (EL) from an area of 2 cm by 2 cm on two different multicrystalline silicon (multi-
Si) wafer solar cells is scanned with the line-imaging spectrometer. Clear differences in the spectrum of 
luminescence are detected between the two investigated samples. 
2. Experimental details 
2.1. Instrumentation 
A schematic of the instrument is shown in Fig. 1. EL is generated by driving a fixed dc current through 
the solar cell. The cell is mounted on a temperature-controlled copper block. Electrical contact to the cell 
is made via the copper block (which is in direct contact with the full-area rear electrode of the cell) and a 
linear array of contact pins (front contact). Luminescence emitted by the solar cell is passed through a fine 
slit aperture placed at the focal point of the imaging lens. The slit width can be adjusted to values in the 0-
1 cm range using a micrometer screw which mechanically separates two fine steel blades aligned on-
centre to the instruments optical axis. This aperture defines a line of finite width on the solar cell from 
where light is collected by the instrument. The accepted light is collimated and transmitted through a 
diffraction grating and then transmitted through a set of focusing optics before being detected on an 
indium gallium arsenide (InGaAs) camera array of 512 by 640 pixels (Xenics, XEVA1.7-640). 
 
 
Fig. 1. Layout of the experimental apparatus. Luminescence generated by the cell travels through an adjustable slit 
aperture and then into the collimating optics. The collimated light is then diffracted by a transmission grating. The 
resolved spectrum travels through a set of focusing optics before detection on an InGaAs array. The spatial 
information is measured along one axis of the detector array, while the spectral information is measured along an 
orthogonal axis of the detector array. The solar cell is translated transverse to the slit axis at the entrance of the line-
imaging spectrometer, thus allowing acquisition of the spectrum of luminescence over the entire scanned region on 
the sample (e.g. a complete solar cell). 
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Diffraction of the light by the diffraction grating results in a spectrum of luminescence arranged 
perpendicular to the axis of the slit aperture for each point on the line of the aperture. The InGaAs camera 
array is aligned in the spectrometer so that spectral information is collected along the array axis having 
640 pixels, while the spatial information parallel to the slit aperture is collected along the array axis 
having 512 pixels. The diffractive element has an efficiency of > 70% and the spectral range of the 
spectrometer is designed to span the range 900-1600 nm. The spectral resolution of this diffraction limited 
instrument is 1.2 nm, and the signal to noise ratio of the instrument is > 1000:1 owing to the elimination 
of second-order diffraction in the measurement. 
 
A raw data point obtained from this instrument is shown in Fig. 2. The spectral signature shows a peak 
in intensity at a wavelength of approximately 1140 nm, and a slightly asymmetric Gaussian form. This 
luminescence profile is due to recombination across the indirect bandgap of Si. Although the bandgap 
luminescence spectrum of Si is known to extend below 900 nm in wavelength, the spectrum is seen to fall 
off in intensity at approximately 1000 nm due to the insensitivity of the InGaAs camera to wavelengths 
below approximately 1000 nm. The individual data points represent the average spectrum over a 2 mm by 
2 mm square area on the solar cell due to the settings used in the experiment. 
 
 
Fig. 2. The raw measured electroluminescence spectrum collected on the textured cell at the region marked by the red 
square in the inset image. This data can be considered thus the average measured spectrum in this square region of the 
sample subject to the cameras quantum efficiency, and is presented otherwise unprocessed. The finite size data point 
was obtained due to the setting of the slit size to define the aperture and field of view of the instrument, and binning 
of 7 spectra collected along the slit to result in square data points. The resulting resolution of 2 mm by 2 mm in the 
hyperspectral images was not limited by the capability of the instrument. 
2.2. Measurement of the selected solar cells 
Two multi-Si wafer solar cells - one textured and one untextured - were selected for this study. The 
cells had a full-area rear electrode (Al) and an Ag front electrode consisting of parallel fingers and two 
busbars. The cell area is 232 cm2, however, a 2 cm by 2 cm region on each sample was chosen for 
investigation. Photos of the selected cell regions are shown in Figs. 3(c) (textured cell) and 3(d) 
(untextured cell). The corresponding EL images are shown in Figs. 3(a) and 3(b). The textured surface 
was realised using an acid-based texturing process, resulting in a randomly textured surface. The 
untextured sample received a standard KOH saw damage etch, resulting in a shiny-etched surface. As can 
be seen from Fig. 3, the textured and untextured samples differ significantly in their surface reflectance. 
The samples are expected to show differences in their luminescence spectrum (both intensity and spectral 
composition), due to differences in the light trapping properties of the cells which affects the reabsorption 
of luminescence in Si [6].  
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Fig. 3. Electroluminescence images (a and b) and photos (c and d) of the 2 cm by 2 cm areas studied on the textured 
(a and c, left) and untextured (b and d, right) multi-Si wafer solar cells. 
Variations of other parameters of the solar cell relating to the luminescence spectrum include the 
diffusion length. In particular, changes in the diffusion length will affect the spectrum due to reabsorption 
in the silicon as described previously [6, 7]. Since the reabsorption effect was used to detect a difference 
in the trapping properties of two cells, comparison must be done using solar cells of similar diffusion 
lengths. Care was taken to investigate comparative regions of the solar cell in terms of their diffusion 
lengths by observing regions of sufficient luminescence intensity. Averaging of the spectra over the 
region investigated will also allow the effect of inhomogeneity of diffusion lengths to be reduced. This 
experiment may be repeated on more homogeneous samples, namely monocrystalline silicon wafer solar 
cells, which have a smaller variation in the spatial distribution of diffusion lengths of charge carriers.  
 
EL intensity images were taken on both samples. Then, a 2 cm by 2 cm region was selected on each 
sample that showed intense and homogeneous luminescence. The samples were held at a constant 
temperature of 25°C using a thermo-electrical controller operating on the back contact of the solar cell. 
The top contact was realised using a linear array of needles. EL is generated using a dc voltage that drives 
a forward current density of approximately 40 mA/cm2 through the solar cell. Using a screw thread, the 
entire EL assembly can be translated transversely to the axis of the spectrometer slit, with a spatial 
precision of 100 μm. This enables the entire solar cell to be scanned through the line-imaging 
spectrometer so that a hyper-spectral image may be generated. 
 
For the geometery of the experiment, a maximum spatial resolution of 300 μm in the axis along the 
slit, and 300 μm along the axis of translation of the sample may be achieved for a translation and slit 
width setting of 300 μm. For the ease of data acquisition and processing, the slit was adjusted to a width 
of 2 mm, effectively averaging the spectrum to a spatial resolution of 2 mm perpendicular to the slit. The 
samples were translated in steps of 2 mm to scan the entire 2 cm by 2 cm area shown in Fig. 3. Binning 
was performed parallel to the slit to match the spatial resolution perpendicular to the slit. The effective 
spatial resolution yields a 10 by 10 point map of the investigated 4-cm2 region on each sample. 
Background images were taken for noise subtraction on all the spectral images generated. The 
spectrometer wavelengths were calibrated to the spectrum of an Ar lamp. The error in the wavelength is ± 
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1.2 nm, due to the finite size of the pixels on the sensor. Less than 2% of the measured EL intensity is due 
to thermal noise from the camera (see Fig. 2). 
3. Results 
3.1. Fitting of measured EL spectra 
To compress the raw data obtained by the hyperspectral imaging instrument, a curve fit is performed 
on each measured spectrum. For each individual spectrum, its location is indexed spatially on the cell and 
the peak intensity is recorded. The spectrum is then normalised to its maximum value and a fit is per-
formed using a selected distribution and a set of initial values that are found to allow convergence of the 
fit. The fit parameters representing the distribution are then recorded and indexed at their respective 
location on the cell, resulting in a set of parameters which represents the measured spectrum at every 
point. The three distributions investigated for fitting of the experimental EL spectra are summarised in 
Table 1. They are a Gaussian, a skew Gaussian, and a double skew Gaussian. In Fig. 4 the Gaussian and 
skew Gaussian fitting distributions are shown (red lines) against the measured spectrum (black dots). The 
Gaussian distribution  
I(λ)=A (2πσ)-1/2exp[-(λ-μ)2/2σ2] + yint            (1) 
contains two main parameters (mean μ, standard deviation σ) and two additional parameters to account 
for an amplitude A and y-intercept yint. The Gaussian distribution is able to characterise the spectrum’s 
full width at half maximum, but does not capture the asymmetry of the spectrum. A skew Gaussian 
distribution was employed for evaluation of the additional skew parameter which may describe the 
asymmetry of the spectrum. The skew Gaussian distribution  
Is(λ)= I(λ)∙Φ(α,λ)              (2) 
based on Eq. (1) and the cumulative distribution function Φ(x) contains three main parameters (mean μ, 
standard deviation σ, skew α) and two additional parameters to account for an amplitude A and y-intercept 
yint. This model fitted well to the experimental spectra, except for the linear tail spanning wavelengths of 
approximately 1200 nm to 1300 nm. The double-skew Gaussian is a linear combination of two skew 
Gaussian distributions (Eq. (2)). The double-skew Gaussian is able to reproduce the measured spectra, 
however, as it has 9 fitting parameters, it is difficult to relate the parameters to the physical properties of 
the spectra.  
Table 1. Various fitting methods used on the measured EL spectra from the multi-Si wafer solar cells. 
Fitting model Number of parameters Comment 
Gaussian 4 Inaccurate fit, simple model 
Skew Gaussian 5 Best balance of fit and processing time 
Double skew Gaussian 9 Accurate fit, too many parameters 
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Fig. 4. Raw data points (black dots) and the curve of the fit (red line) for (a) a skew Gaussian distribution and (b) a 
Gaussian distribution. The raw data points are the average along a line collected by the spectrometer. It can be seen 
that the skew Gaussian fit accurately represents the spectral signature excluding the linear tail which spans from 
approximately 1200 nm to 1300 nm. This data was obtained from the untextured sample. 
3.2. Averages of measured EL spectra from the textured and untextured samples 
The spatial average of the spectra obtained over the entire 2 cm by 2 cm area of the textured and 
untextured solar cells is shown in Fig. 5. A small difference in the spectral signature is observed between 
the two samples. This indicates that the instrument is sensitive to small variations in the spectrum of 
luminescence. A slight increase in the short-wavelength absorption is seen for the textured sample, 
resulting in a shift in the peak wavelength of the spectrum towards the infrared, and a decrease in the 
width of the spectrum, as shown in Fig. 5. Table 2 shows the spatial average of three parameters obtained 
by fitting the spectrum of luminescence to the two different Gaussian distributions, as discussed above. 
 
 
 
Fig. 5. The spatial average of the EL spectrum for the 2 cm by 2 cm regions of the textured and untextured sample. 
Each individual spectrum of the scanned region of the cells is summed and normalised before fitting to the skew 
Gaussian distribution. The curve obtained from the fit parameters is then plotted. 
Table 2. Parameters of the fitted curves shown in Fig. 5. The curves represent the averages of all 100 measured points 
in the investigated 2 cm by 2 cm region of each cell. 
Distribution, parameter Textured sample Untextured sample 
Skew Gaussian, α -1.42 -1.11 
Skew Gaussian, Peak wavelength 1136 nm 1127 nm 
Gaussian, σ 43.7 45.2 
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3.3. Spatially resolved images from the line-scanning spectrometer 
The Gaussian and skew Gaussian fitting parameters were finally assessed to create images of both the 
textured and untextured solar cells as shown in Fig. 6. A summary of the results for three parameters is 
shown as a spatially resolved image: the Gaussian standard deviation σ, the shift of the peak wavelength 
(computed from the skew Gaussian fit using an independent algorithm) and the skew Gaussian parameter 
α. It is observed that the width of the spectrum is reduced for the textured sample, and that the maximum 
intensity is shifted to longer wavelengths. The skew of the textured cell tends to be lower than the skew of 
the untextured cell. Inhomogeneities in the spectral signature at various points on the samples can be seen 
in the images. This demonstrates the ability of the line-imaging spectrometer to perform spatially resolved 
characterisation of silicon wafer solar cells. It can be seen that features of the fit parameters correspond 
with some features of the EL images, such as the visible spot seen in both Fig. 3(b) and in Figs. 6(b) and 
6(d). 
 
 
Fig. 6. Spatially resolved images of the three fit parameters for the 2 cm by 2 cm region of the textured cell (a, c and 
e, left column) and the untextured cell (b, d and f, right column). Spatial averages of the parameters are summarised 
in Table 2. These fit parameters show sensitivity to inhomogeneities on the samples, such as shifts in the wavelength 
at the peak intensity or the measured standard deviation of the spectra. 
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4. Conclusion 
In this article, a simple and robust optical instrument was introduced that yields the spatially resolved 
spectrum of luminescence for characterisation of photovoltaic materials and devices. The instrument was 
shown to enable hyper-spectral imaging of the electroluminescence (EL) from silicon wafer solar cells. 
The instrument is based on a line-imaging setup whereby the field of view of the instrument collects data 
along a line on the sample, and the sample is translated through the field of view until the entire solar cell 
is scanned. The instrument was used to investigate the spatially resolved EL spectra of a textured and an 
untextured multicrystalline silicon wafer solar cell. The detected EL spectra were shown to be slightly 
different for the investigated solar cells. This demonstrates that the instrument is able to detect small 
changes in the luminescence spectrum and that the EL and PL imaging methods can be extended to 
hyper-spectral imaging. We also performed fits on the experimental EL spectra as a method to process 
data. This allows spatially resolved information to be presented based on the fit parameters. These fit 
parameters may be used to characterise the solar cell by exploiting the entire measured EL spectra. It is 
expected that this method will eventually enable the extraction of a variety of relevant solar cell 
parameters, such as the lifetime or diffusion length of excess charge carriers in silicon, or the absorption 
of a silicon wafer.  
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